Phagocytic clearance of fungal pathogens, and microorganisms more generally, may be considered to consist of four distinct stages: (i) migration of phagocytes to the site where pathogens are located; (ii) recognition of pathogen-associated molecular patterns (PAMPs) through pattern recognition receptors (PRRs); (iii) engulfment of microorganisms bound to the phagocyte cell membrane, and (iv) processing of engulfed cells within maturing phagosomes and digestion of the ingested particle. Studies that assess phagocytosis in its entirety are informative 1, 2, 3, 4, 5 but are limited in that they do not normally break the process down into migration, engulfment and phagosome maturation, which may be affected differentially. Furthermore, such studies assess uptake as a single event, rather than as a continuous dynamic process. We have recently developed advanced live-cell imaging technologies, and have combined these with genetic functional analysis of both pathogen and host cells to create a cross-disciplinary platform for the analysis of innate immune cell function and fungal pathogenesis. These studies have revealed novel aspects of phagocytosis that could only be observed using systematic temporal analysis of the molecular and cellular interactions between human phagocytes and fungal pathogens and infectious microorganisms more generally. For example, we have begun to define the following: (a) the components of the cell surface required for each stage of the process of recognition, engulfment and killing of fungal cells 1, 6, 7, 8 ; (b) how surface geometry influences the efficiency of macrophage uptake and killing of yeast and hyphal cells 7 ; and (c) how engulfment leads to alteration of the cell cycle and behavior of macrophages 9, 10 . In contrast to single time point snapshots, live-cell video microscopy enables a wide variety of host cells and pathogens to be studied as continuous sequences over lengthy time periods, providing spatial and temporal information on a broad range of dynamic processes, including cell migration, replication and vesicular trafficking. Here we describe in detail how to prepare host and fungal cells, and to conduct the video microscopy experiments. These methods can provide a user-guide for future studies with other phagocytes and microorganisms.
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Video Link
The video component of this article can be found at http://www.jove.com/video/50196/ ml penicillin/streptomycin and 2 mM L-glutamine at 37 °C with 5% CO 2 . The preparation of primary macrophages is described elsewhere in detail 12, 13 . 2. Scrape J774.1 cells from the tissue culture flask and transfer to a 50 ml Falcon tube. Centrifuge at 600 × g for 5 min to obtain a cell pellet. 3. Remove supernatant and resuspend pellet in 10 ml pre-warmed supplemented DMEM medium. Count cells using a haemocytometer and plate 1 × 10 6 J774.1 macrophages in 2 ml supplemented DMEM medium in a 35 mm glass-based imaging dish. Incubate overnight at 37 °C, 5% CO 2 . 4. Prior to imaging, replace supplemented DMEM medium with 2 ml pre-warmed supplemented CO 2 -independent medium (with 10% (v/v) fetal calf serum (FCS), 200 U/ml penicillin/streptomycin and 2 mM L-glutamine) containing 1 μM LysoTracker Red DND-99.
Live Cell Video Microscopy Phagocytosis Assay
1. The choice of microscope will depend upon what is available locally, but the microscope setup will need to include an inverted stage, an environmental chamber heated to 37 °C and excitation/emission filters for the chosen stains (FITC and TRITC). 2. Turn on the microscope heater prior to the experiment and allow sufficient time for the environmental control chamber to warm to 37 °C. The time taken for chamber temperature to stabilize will vary for different microscope setups. 
Representative Results
Here we show representative results for C. albicans uptake by a murine macrophage cell line J774.1 during a 6 hr live-cell video microscopy experiment. Figure 1 is a representative live-cell video microscopy movie, showing phagocytosis of C. albicans by murine J774.1 macrophages. Live-cell video microscopy enables internalization of C. albicans to be visualized without the need to stain external Candida. However, during these experiments, C. albicans was stained using the pH-sensitive dye FITC (green), which is quenched during acidification of the macrophage phagosome, and facilitates confirmation that Candida has been internalized (Figure 1) . To further aid visualization of ingested C. albicans, macrophages were stained using the red fluorescent dye LysoTracker red DND-99, which stains acidic compartments and serves as a nonspecific marker of phagosome maturation. Figure 2 is a still image from a live-cell video microscopy experiment and illustrates the variation in the number of C. albicans ingested by individual J774.1 macrophages. In this experiment, 82% of J774.1 macrophages engulfed at least one C. albicans cell at the end of the 6 hr phagocytosis assay. In Figure 3 , the number of internalized C. albicans cells per macrophage is reported. The mean number of C. albicans taken up per macrophage is 3.4, but interestingly macrophages can ingest up to 16 fungal cells. Figure 4 is a sequence of still images from a representative live-cell video microscopy experiment showing a macrophage phagocytosing C. albicans cells, hypha growth with the macrophage and ultimately macrophage lysis. Figure 4 illustrates that video microscopy enables analysis of events following engulfment of target cells, i.e. data can be generated for the killing of macrophages by C. albicans hyphae in relation to the number and morphogenesis of ingested target cells, and how macrophage killing relates to phagosome maturation which can be studied in real time. Macrophages are stained using the red fluorescent dye LysoTracker red DND-99, and C. albicans are stained using FITC (green). Macrophages and C. albicans were cocultured for a period of 6 hr at 37 °C in complete CO 2 -independent medium. Images were captured at 1 min intervals for 6 hr. Macrophages can be seen establishing cell-cell contact with C. albicans, which is then followed by uptake of C. albicans into macrophage phagosomes. Arrows point to C. albicans prior to engulfment by J774.1 macrophages. This video also shows that FITC fluorescence is quenched following engulfment of C. albicans. Scale bar, 10 μm. Click here to view movie. , and during and after uptake (C, D). C. albicans hyphae continue to grow within the macrophage (E, F), which can result in macrophage lysis (G). Other macrophages are recruited to the site of rupture and attempt to ingest the released C. albicans (H). Macrophages are stained using the red fluorescent dye LysoTracker red DND-99, and C. albicans are stained using FITC (green). Note that FITC staining is quenched following C. albicans uptake by J774.1 macrophages (C). Scale bar, 10 μm.
Discussion
Here the method for the use of live-cell video microscopy to study macrophage phagocytosis is described. Video microscopy offers multiple additional layers of information for analysis. One basic advantage is that uptake data can be generated (from a single experiment) for any time point throughout the 6 hr observation period. More importantly, the method described enables differential analysis of the individual stages of phagocytosis. We have, for example, shown that changes in overall uptake of C. albicans glycosylation and morphogenesis mutants by macrophage cell lines and primary macrophages can be either a consequence of changes in macrophage migration towards target cells or rate of engulfment once cell-cell contact is established 7 .
There are a number of pitfalls to avoid when conducting these experiments. First, it is very important to ensure stable environmental conditions throughout the experimental procedure. This is best achieved in an environmental chamber that is set to the experimental conditions several hours before commencing the experiment. Video quality is highly dependent on sophisticated modules that use infrared lasers to automatically maintain the sample z-position regardless of mechanical or thermal changes thus eliminating the need for manual focus corrections.
Given the extended nature of the experiments, it is important to limit laser light exposure and associated photobleaching and photoconversion effects, which can be minimized by employing highly fluorescent markers, which facilitate low exposure times. The FITC staining protocol described here is quick and reliable. As FITC is a very bright and stable stain, low exposure times are required and this makes FITC ideal for extended time-lapse movies. However, we routinely use a variety of different target stains, including Calcofluor White and PKH dyes as well as tagged organisms.
Most of our published work is conducted using a wide-field microscope, but exposure can be further minimized by using a spinning disc confocal microscope and in our hands this is essential for time-lapse 3D video microscopy.
During this study, images were captured at 1 min intervals over a 6 hr phagocytosis assay. The interval between images can be adjusted depending on the process under investigation. For example, the interval can be decreased when investigating rapid processes such as vesicular trafficking. The minimum time interval will be limited by microscope and camera specifications. There are some considerations to bear in mind when adjusting timings. First, decreasing the interval between snapshots will mean fewer points can be imaged and file size will be considerably increased. On the contrary, increasing the image interval too much will make the movie lose continuity.
This approach can be applied in principle to study other pathogens and uptake of dying host cells. For example, we have recently shown that bone-marrow derived macrophages from sialoadhesin-deficient mice exhibit greatly reduced binding and phagocytosis of sialylated Campylobacter jejuni 8 . However, target size is an important determinant for feasibility, as image analysis becomes increasingly difficult with a reduction in target cell size. Sophisticated image analysis software is essential for rapid video microscopy analysis, and this should be coupled with appropriate bioinformatics support to facilitate the generation of algorithms to study migration of individual cells and entire cell populations 7 . Live-cell video microscopy in combination with sophisticated image analysis software for the minute-by-minute analysis of migration and individual macrophage-C.albicans interactions, provides unique insight into the complexity of C. albicans phagocytosis by macrophages. There is enormous potential to expand these methods to study other pathogens and phagocytes (dendritic cells, neutrophils) and to develop 3D video microscopy to image cell-cell interactions in greater detail or on more physiological surfaces such as epithelial and endothelial cell layers. This technique is part of the next generation of tools in the study of host-pathogen interactions and will help generate detailed spatial and temporal information on a broad range of dynamic processes.
